in developing countries, including diarrheal diseases, became a global priority [8] .
MOBILIZATION IN THE NEW MILLENNIUM
Circa 2000, 3 new entities came on the scene that rapidly interrelated in a synergistic way to offer extraordinary potential to accelerate the decline of young child mortality in developing countries, and particularly the component due to diarrheal diseases. In 2000, the 55th Session of the UN General Assembly adopted the UN Millennium Declaration [9] , committing the countries of the world to mobilize resources to reduce poverty and improve health and education by 2015, with progress judged by whether or not certain specific goals were attained. One of these, Millennium Development Goal #4, aims to reduce young child mortality by 67% by 2015, compared to the 1990 baseline.
Second, in 1999 the nascent Bill & Melinda Gates Foundation entered the arena of global health and brought zeal, commitment, and passionate advocacy, as well as substantial new financial resources, to improve the survival of young children in developing countries. Finally, at the World Economic Forum in February 2000, the Global Alliance for Vaccines and Immunization (GAVI, now called the GAVI Alliance) was launched. The GAVI Alliance is a consortium that consists of UN agencies (World Health Organization [WHO] , United Nations Children's Fund [UNICEF], World Bank) involved with immunization, vaccine supply, and vaccine financing; developing and donor countries; the vaccine industry (in both industrialized and developing countries); technical and research institutes; civil society; and the Bill & Melinda Gates Foundation and other private philanthropic foundations. In its decade of existence, GAVI has been highly successful in strengthening the delivery of immunization services and in introducing life-saving new vaccines into the Expanded Programme on Immunization of many of the poorest countries of the world, including those in sub-Saharan Africa. In 2002, GAVI established and funded 2 Accelerated Development and Introduction Plans (ADIPs), one for rotavirus vaccine and the other for pneumococcal conjugate vaccines. The fundamental aims of the rotavirus ADIP were (1) to provide information (eg, documentation of the safety, immunogenicity, and efficacy of rotavirus vaccines in infants in developing countries) that enables evidence-based decisions regarding the use of rotavirus vaccines, and (2) to accelerate the availability of new rotavirus vaccines appropriate for use in developing countries.
GEOGRAPHIC FOCUS
In order to intervene in a strategic way to accelerate the decline of young child mortality globally, efforts must be concentrated in 2 main geographic areas: sub-Saharan Africa, where 33 of the 35 countries with world's highest young child mortality rates are located [2, 3, [10] [11] [12] , and South Asia, where the size of the young child population is enormous, leading to a large number of deaths, despite the mortality rates being lower than in sub-Saharan Africa [2, 3, [10] [11] [12] .
CLINICAL SYNDROMES OF PEDIATRIC DIARRHEAL DISEASE IN DEVELOPING COUNTRIES
As seen by clinical health providers at fixed healthcare facilities in developing countries, almost all cases of pediatric diarrheal illness can be conveniently characterized as falling into 1 of 5 clinical syndromes [13] (Table 1) . Approximately 80%-85% of patient episodes present as "simple gastroenteritis" with the subject passing loose or watery stool (often with mucus but not with blood), low-grade fever, occasional vomiting, anorexia, and apparent malaise ( Figure 1 ). Approximately 5%-15% of children present with overt dysentery (gross blood in the diarrheic stools) (Figure 2 ), often accompanied by fever (sometimes high); many dysenteric patients appear clinically toxic. A small proportion of cases in older children present with profuse watery diarrhea, passing such voluminous "rice water" stools that even older children can rapidly become severely dehydrated ( Figure 3 ). Another few percent of pediatric cases present with a history of apparent simple gastroenteritis that began 14 or more days previously but did not abate [14] ; this defines "persistent diarrhea," a syndrome that particularly can have adverse nutritional consequences [15] .
Finally, a few percent of children are brought by caretakers for care because of vomiting rather than diarrhea as the main complaint. Few reports have described expanded etiologic analyses in relation to these clinical syndromes.
THE INTERRELATIONSHIP BETWEEN NUTRITIONAL STATE AND DIARRHEAL DISEASE
It has long been recognized that there is an intimate relationship between diarrheal disease and undernutrition in pediatric populations in developing countries [16, 17] . Diarrheal disease, with its injury to the gut, can lead children to fall off their growth curve. Conversely, more extreme forms of chronic malnutrition predispose young children to diarrhearelated mortality. For example, moderate and severe stunting is a strong risk factor for death from diarrheal disease [18] .
LESSONS FROM THE EARLY 20TH CENTURY IN NORTH AMERICA AND EUROPE
Mortality from diarrheal disease is currently extremely low in industrialized countries, but it was a vexing public health problem a century ago when populations in current industrialized countries lived in conditions resembling those endured by people in developing countries today [19] [20] [21] [22] [23] . In fact, wherever populations live in crowded conditions marked by Figure 1 . An infant who presented with diarrheal dehydration consequent to simple gastroenteritis that was not treated promptly or effectively. Loss of turgor of skin over the abdomen is visible as "tenting," following pinching. Simple gastroenteritis caused by many etiologic agents in young infants in developing countries can lead to dehydration. The fundamental reason is that per kilogram of body weight, the daily water and electrolyte requirements of young infants are substantially greater than those of older children. Thus, abnormal losses from diarrhea, vomiting, and fever, accompanied by inadequate fluid intake and lack of prompt and appropriate replacement (as with glucose/electrolyte oral rehydration solution), can lead to moderate and severe dehydration and death. This photograph was kindly provided by Dr Dipika Sur of the National Institute of Cholera and Enteric Diseases, Kolkata, India. Figure 2 . Dysentery is diagnosed clinically as the presence of gross blood in diarrheal stools. Dysentery stools can be quite scanty and composed mainly of mucus and blood (shown here). Bacillary dysentery is typically preceded by 18-24 hours of watery diarrhea, accompanied by high fever and toxemia, before the loose stools become scanty and bloody. Dysentery indicates substantial damage to the mucosa of the colon and terminal ileum.
widespread fecal contamination, lack of treated water supplies and sanitation to remove human fecal waste, and lack of refrigeration to preserve food, the transmission of bacterial, viral, and protozoal enteric pathogens is enhanced and pediatric diarrheal disease can rage rampant. A shared vision of the Millennium Declaration is that all countries will undergo accelerated development such that with improved housing, provision of sanitation and safe water, enhanced food safety, and access to primary health care, diarrheal disease and pneumonia mortality will plummet. While that is the ultimate aim, it may be possible to accelerate markedly the decline in diarrheal disease mortality by certain cross-cutting general interventions (such as improved treatment of diarrhea and focused water/ sanitation/hygiene improvements) and by immunizing infants and young children against the major etiologic agents responsible for clinically severe and fatal forms of diarrheal disease. In the early years of the millennium, other than vaccines against rotavirus, there was not a broad consensus on what other diarrheal disease vaccines should be high priority for development and accelerated introduction, given the limited resources and supply issues pertinent at the global level. One must also recognize that for rotavirus vaccines there were mature industrialized country markets waiting to reward companies that invested in rotavirus vaccines and achieved licensure for their products in North America, Europe, and Australia. This guaranteed the development of these vaccines, a situation not operative for pathogens prevalent in developing countries but uncommon in industrialized countries (eg, Shigella species, enterotoxigenic Escherichia coli [ETEC]).
WHY KNOWLEDGE OF THE SPECIFIC ETIOLOGY OF PEDIATRIC DIARRHEAL DISEASE IN DEVELOPING COUNTRIES IS IMPORTANT
In developing country pediatric populations, it has long been recognized that there is a striking association between measles, diarrhea, and mortality [24, 25] , and measles vaccine in such populations has been referred to as the first diarrheal disease vaccine [26] . The impressive and precipitous decline of measles as a cause of global young child mortality consequent to repetitive mass immunization campaigns with measles vaccine [27] , particularly in sub-Saharan Africa, has led many to hypothesize that a sizable reduction of diarrheal disease mortality might be achievable if the specific major offending diarrheal pathogens were clearly elucidated and if vaccines existed and could be delivered to populations at high risk. And if licensed vaccines against those pathogens did not exist, advocacy could be undertaken to accelerate or initiate their development. Regrettably, as discussed below, as of the first years of the millennium, these data were not available with the precision necessary to drive investment decisions and to establish implementation priorities. In the 1980s and 1990s, in the absence of a robust evidence base, a Steering Committee on Diarrheal Diseases of WHO, following Delphian deliberations, proposed that the highest priority vaccines needed to prevent diarrheal diseases in developing countries were ones against rotavirus, ETEC, Shigella species, and Vibrio cholerae O1.
EARLY STUDIES INVESTIGATING THE ETIOLOGY OF SEVERE AND FATAL FORMS OF DIARRHEAL DISEASE IN YOUNG CHILDREN IN DEVELOPING COUNTRIES
Studies attempting to define the etiology of pediatric diarrheal disease in developing countries have been carried out for Figure 3 . A Bangladeshi child with cholera is shown who experienced copious purging of rice water stools prior to presenting with severe dehydration. The child, with deeply sunken eyes, is lying on a cholera cot with his watery stools being collected in a bucket for measurement of volume (to guide replacement therapy). After rapid replacement of the child's fluid and electrolyte deficits with intravenous fluids, the health worker is attempting to transition the child to oral rehydration fluids administered by his caretaker, under supervision. many decades. In the 1950s and early 1960s these studies were hampered by the fact that only a relatively few diarrheal pathogens were recognized and they were recovered from only a small proportion of diarrhea cases [28] [29] [30] [31] [32] [33] . Thus, in that period the urgent need was to identify the etiologic agents. The 1970s and 1980s ushered in an age in which a plethora of new enteric pathogens were described including ETEC, rotavirus, Campylobacter jejuni, enteric adenovirus serotypes 40 and 41, what came to be known as noroviruses, astrovirus, enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC), diffuse adherence E. coli, and Cryptosporidium species, to name some. In early studies, some of these agents were detected in a proportion of cases of pediatric diarrhea in developing countries.
For some years practical, robust, economical tests to detect even relatively common etiologic agents, such as ETEC, enteropathogenic E. coli (EPEC), rotavirus, EAEC, and norovirus, remained unavailable. Thus, for some agents, animal models [34] , electron microscopy [35] , laborious fecal concentration followed by acid fast, Giemsa, or fluorescent staining and direct examination by a skilled light microscopist [36] [37] [38] , or complicated competitive enzyme-linked immunosorbent assays [39] were required, making large-scale comparisons impractical. However, with time, improved (often commercial) diagnostics became available to detect some of these pathogens with a high degree of standardization, thus enabling comparisons of etiology across geographic sites and over time. In particular, the advent of nucleic acid-based testing revolutionized the landscape, initially with DNA hybridization probes [40] [41] [42] [43] , then with iterations of polymerase chain reaction (PCR) (including multiplex techniques) [44-46; Panchalingam et al, this supplement] and quantitative reverse transcriptase PCR (to detect RNA viruses). Advances were also made in diagnostic methods to detect protozoal enteropathogens such as Cryptosporidium species and Entamoeba histolytica, including highly standardized, practical commercial immunoassay kits [47, 48] .
MODERN STUDIES OF THE ETIOLOGY OF DIARRHEA IN YOUNG CHILDREN IN DEVELOPING COUNTRIES
By reviewing studies carried out since 1980, one identifies a number that employed tests for many of the "modern" etiologic agents. One might assume, therefore, that one can derive a clear landscape of the major enteric pathogens responsible for diarrheal disease of a severity that might lead to death in the geographic areas of highest mortality risk for young children. In fact, while there are indeed reports, most have notable shortcomings that limit their utility to address the question at a global level. For example, while there have been many studies of the etiology of pediatric diarrhea, relatively few have been performed in sites with very high or high young child mortality , as defined by UNICEF [79] . In particular, very few studies were carried out in sub-Saharan Africa [51-54, 57-59, 64-67] . Although a number of studies enrolled subjects at several sites within a single country, a multinational study such as that sponsored by WHO and reported by Huilan et al was a rare exception [55] . Most studies examining the etiology of pediatric diarrhea limited enrollment to infants and toddlers <24 months of age [61, 66, 74, 75, [80] [81] [82] [83] [84] or occasionally to children up to 35 months of age [49, 55, 56, 85] . Few studies enrolled children through 59 months of age, which could capture pathogens such as V. cholerae O1 or O139, which are more heavily represented in older preschool children with severe diarrhea (who comprise a potential target group for prevention).
Because the transmission of many diarrheal pathogens is highly seasonal and since there may also be considerable yearto-year variation in the relative frequency with which they circulate, it is important that studies of the etiology of pediatric diarrhea take this into account and be performed over a period of at least 2 and preferably 3 years. Some studies enrolled for <6 calendar months [57, 65, 66, 69, 82, 86] [70, 74, 97] .
Approximately one-half of the studies investigating the etiology of pediatric diarrhea in developing countries mentioned above also sought pathogens in matched or relevant control subjects [49, 50, 52, 55, 57-60, 62, 63, 65, 68, 69, 73, 82, 84, 85, 87-97, 100, 101] . Some case/control studies were linked to a large defined population that had undergone a detailed recent census or that was under prospective demographic surveillance so that population-wide incidence rates could potentially be calculated; some cohort studies were also nested within such defined populations to allow potential extrapolations of incidence to the larger population. However, no case/control study recorded a baseline survey to estimate the healthcare seeking patterns and preferences of the larger population served by the hospitals, health centers, or other sites where enrollment of patients was carried out.
Most studies looked for an array of enteric pathogens that by that time were widely regarded as being associated with pediatric diarrhea in developing countries, such as rotavirus, ETEC, EPEC, EAEC, Shigella species, nontyphoidal Salmonella, C. jejuni, V. cholerae (usually in Asian studies), Cryptosporidium species, and Giardia species. In addition, some tested for 1 or more of the following: EIEC, diffusely adherent E. coli, EHEC, Aeromonas hydrophila, Plesiomonas shigelloides, enterotoxigenic Bacteroides fragilis, Clostridium difficile toxin, noroviruses, enteric adenoviruses, E. histolytica, Cyclospora cayetanensis, Strongyloides stercoralis. Many studies characterized ETEC isolates by toxin types, that is, those that elaborate heat-stable or heat-labile enterotoxin only, or those that produce both; a proportion of studies serogrouped Shigella isolates. However, few reports characterized ETEC by the fimbrial colonization factors that they express or fully serotyped Shigella isolates. Such information is important to guide vaccine development.
Among the post-1980 case/control reports of the broad etiology of pediatric diarrhea in developing countries, none related etiology to the different clinical syndromes of diarrheal disease and none described a follow-up visit (or visits) after a period of 1-2 months to ascertain whether the child was still alive and whether overt sequelae were evident. Few studies enrolled enough subjects to assure reasonable statistical power to detect significant differences in the rate of isolation in cases versus controls and to allow the calculation of odds ratios to assess the degree of pathogenicity by the strength of association.
THE GENESIS OF THE GEMS
Despite the many publications on the etiology of pediatric diarrheal disease, the recognition in the first years of the millennium of the existence of so many different potential diarrheal pathogens, the limitations of most of the studies and the great variation in results and conclusions made it impossible to set priorities on what enteric vaccines or other specific interventions were most needed to control morbidity and mortality in developing countries. A consensus emerged in the enteric disease research and disease control communities on the need for a definitive multicenter study that would attempt to address all the limitations of previous studies. An exhortation was made to design, organize, and undertake a large, wellpowered, case/control study of the etiology and burden of pediatric diarrheal disease in multiple sites of high mortality, particularly in sub-Saharan Africa and South Asia [13] . It was proposed that the study should use state-of-the-art microbiological methods to detect a wide array of pathogens in patients whose clinical syndromes of presentation were carefully documented [13] and to perform the study in a defined population. It was also urged that a novel design be utilized that included a follow-up visit to case and control households 1-2 months after enrollment to ascertain whether there was mortality that occurred beyond the peri-enrollment period [13] .
In 2004 the Bill & Melinda Gates Foundation made a strategic decision to expand its portfolio of projects in the area of enteric diseases, recognizing that these illnesses were one of the major killers of young children. At the behest of the Foundation, the Center for Vaccine Development of the University of Maryland School of Medicine submitted a proposal to undertake a definitive, multicenter, 3-year, highly-powered case/ control study to determine the diarrheal pathogens that exact the highest burden of morbidity, mortality, and nutritional consequences in 3 different pediatric age strata (0-11, 12-23, and 24-59 months) in multiple sites in sub-Saharan Africa and South Asia (Table 2) , with each site linked to a defined population under ongoing demographic surveillance (total of approximately 467 000 child-years of observation over 36 calendar months among the 7 sites) so that population-based incidence rates could be calculated, and to link etiology to clinical syndrome. The project, which was funded in 2006, would utilize optimal clinical and laboratory methods standardized across the different study sites. Officially designated and a similar number of matched controls. Additional subaims of the GEMS include the identification of water/sanitation/hygiene risk factors for specific pathogens, quantification of the economic burden of pediatric diarrhea on poor households in sub-Saharan Africa and Asia, full serotyping of Shigella isolates, elucidation of the fimbrial colonization factor antigen types of ETEC strains, and genotypic or further characterization of other major enteropathogens identified. This initial 3-year case/control study of moderate-to-severe diarrhea has been coined GEMS-1. A subsequent 1-year follow-on study in the same 7 sites that is investigating the etiology of less severe diarrhea, as well as moderate-to-severe diarrhea, is referred to as GEMS-1A.
In this supplement, contributing papers describe basic assumptions that guided the GEMS-1 study design (Farag et al) ; the selection of the 7 GEMS-1 sites and the clinical and epidemiologic methods (Kotloff et al) ; the biostatistical strategies to analyze the data (Blackwelder et al); the data management methods needed to handle the enormous quantities of data (Biswas et al); and an innovative approach that uses the cohorts of cases and controls prospectively followed for approximately 60 days after enrollment into GEMS-1 and weighted generalized linear model regression to estimate the association between exposures recorded during the case/control component and outcomes detected during the follow-up (Sommerfelt et al). Additional papers provide a detailed review of the published literature accompanied by meta-analyses to examine the association between Giardia lamblia and acute and persistent diarrhea (Muhsen and Levine); the standardized laboratory methods used to identify diarrheal pathogens (Panchalingam et al); factors that explain the excretion of enteric pathogens by persons without diarrhea (Levine and Robins-Browne); laboratory diagnostic challenges in case/control studies of diarrhea in developing countries (Robins-Browne and Levine); and analyses of the economic burden of diarrheal disease at 6 of the 7 GEMS sites in Africa and Asia just prior to initiation of the case/control studies (Rheingans et al).
It is anticipated that the GEMS data will help to guide investment and implementation decisions in the area of diarrheal diseases on the global level. The GEMS consortium can also serve as a platform in the future to evaluate various interventions against diarrheal diseases (vaccines, water/sanitation hygiene improvements, novel therapies, diagnostics) at multiple sites, simultaneously. In this way the time required to obtain definitive answers can be diminished.
Notes

